The input pathway between the blue-light photoreceptor and the circadian oscillator of Neurospora crassa has not yet been identified. To test the hypothesis that an inositol phospholipid signaling system might be involved in blue-light signal transduction, phase resetting by light was assayed in the inositol-requiring inl strain under conditions of inositol depletion. Phase-resetting curves and dose-response curves indicated that cultures maintained on low inositol (25 &mu;M) were several orders of magnitude more sensitive to light than those maintained on high inositol (250 &mu;M). This difference in light sensitivity was a property of inositol auxotrophy and was not seen in the wild type or in an inositol-independent inl + revertant. Phase resetting by temperature was not affected by inositol depletion, indicating that the effect on light resetting is specific to the light input pathway and is not the result of a change in the amplitude of the oscillator itself. The results indicate an indirect role for inositol metabolites in the light input pathway&mdash;one that is not likely to involve direct participation of an inositol phospholipid signal transduction mechanism.
[Ins(1,4,5)P3]. These two messengers in turn activate protein kinase C and mobilize calcium, respectively, and the cellular response is the result of the actions of protein kinase C and calcium on their intracellular targets. If this system operates in Neurospora, it could account for both the protein kinase activation and calcium fluxes that may be involved in phase resetting.
The inositol phospholipid signal transduction mechanism is activated by light in invertebrate photoreceptors (Payne, 1987) , and its involvement has been suggested for light-induced phase resetting of the circadian rhythm in Samanea (Morse et al., 1990) . The effects of lithium may indicate that inositol is also involved in circadian oscillations: In most organisms tested so far, including Neurospora, lithium affects the period of the rhythm (Engelmann, 1987) . Lithium is known to inhibit key enzymes in the inositol phospholipid signaling system in animal cells (Berridge and Irvine, 1989) and has recently been reported to affect the levels of inositol metabolites in Neurospora (Hanson, 1991) . All the essential components of an inositol phospholipid signaling system are present in Neurospora, including the appropriate phosphoinositides and inositol phosphates and the enzymes associated with their synthesis (Hanson, 1991) , as well as a calcium-and phospholipid-dependent protein kinase similar to protein kinase C (Turian and Favre, 1990) .
The availability of an inositol-requiring mutant (inl) opens up several strategies for investigating the possibility that blue light activates such a signaling system. The strategy behind the experiments described in this paper is simply to starve the mutant for inositol and look for effects on light-induced phase resetting of the rhythm. The analysis of mutants has been used successfully by other laboratories to define the components of the photoreceptor in Neurospora: The [poky] mutant (defective in cytochrome synthesis) and the rib mutant (deficient in riboflavin synthesis) show reduced responses to light, implicating cytochromes and flavin in the photoreceptor (Brain et al., 1977; Paietta and Sargent, 1981 ) . On the other hand, the albino mutants (deficient in carotenoid synthesis) show normal light responses, indicating that carotenoids are not required for photoreception (Russo, 1986) . If growth of the inl mutant on limiting inositol depletes the pools of signaling molecules, then the expectation is that light sensitivity should decrease. The surprising result reported below is that inositol depletion increases light sensitivity by several orders of magnitude.
MATERIALS AND METHODS

STRAINS
All strains carried the bd (band) mutation, which allows expression of the conidiation rhythm on solid medium. The csp-I (conidial separation) mutation was introduced to eliminate the release of potentially contaminating conidiospores. The inl (inositol-requiring) mutation was allele 89601 (Giles, 1951) . Descriptions of these mutations can be found in Perkins et al. (1982) . The bd csp inl strain was constructed by standard crossing techniques (Davis and deSerres, 1970) from the parental strains bd csp and bd inl, generously provided by Stuart Brody. The parental bd csp strain and one of the bd csp inl progeny were used in most of the experiments described below. The bd strain (see Table 1 , below) was also recovered from this cross. Stocks were maintained on Vogel's medium N (Davis and deSerres, 1970) with 2% glucose and 2% agar, supplemented with 250 Vtm inositol when required. For isolation of the inl+ revertant, a csp+ strain was required for conidial suspensions, so the bd inl parental strain was used. The revertant was isolated by mutagenizing a conidial suspension with ultraviolet light from a germicidal lamp to 50% survival, followed by plating conidia in sorbose-containing medium without inositol. Seven revertants were recovered from a total of 1.3 x 10g surviving conidia, giving a reversion rate of one in 1.8 x 107. One revertant was purified by six rounds of single-colony isolation, and the purified strain was designated R1-7. Details of methods for mutagenesis and selection may be found in Davis and deSerres (1970) .
ASSAY OF PHASE RESETTING
To assay the period and phase of the conidiation rhythm, cultures were grown in glass &dquo;race tubes,&dquo; approximately 32 cm long, with an inner diameter of 12 mm. The culture medium was Vogel's medium N (Davis and deSerres, 1970) with 0.5% maltose, 0.01% arginine, 2% BactoAgar (Difco Laboratories, Detroit, MI), and various levels of inositol as indicated. Cultures were inoculated with conidia and exposed to cool white fluorescent light (approx. 20-30 wmol/m2/sec) for 24 hr after inoculation, then placed in constant darkness and constant temperature (22° ± 1°C) for the duration of the experiment. Cultures were observed under a red safelight, and the position of the growth front was marked daily. At the end of the growth period, the positions of the bands of conidiation were measured, and the times of occurrence of the band centers were calculated from the growth rate.
Period and phase were calculated by linear regression through the band centers (Dharmananda and Feldman, 1979), yielding estimates of period, phase, and growth rate for each tube. Phase is reported in circadian time (CT), in which one circadian hour is equal to 1/ 24th the period of that particular tube. CT 12 is defined as the time of release into constant darkness from constant light. For each experiment, the band centers from a set of four or five control tubes were pooled to give one composite value for the control phase. The phase of each experimental tube was calculated relative to the pooled control, using only the bands that began after the resetting treatment.
Data are plotted in the &dquo;new phase versus old phase&dquo; format recommended by Winfree (1980) . In most cases, &dquo;old phase&dquo; is calculated as the phase (in circadian hours) of the pooled controls at the beginning of the resetting pulse, and &dquo;new phase&dquo; is calculated as the phase (in circadian hours) of the experimental tube at the end of the pulse, according to Winfree's (1980) method. It should be noted that this method of calculation is appropriate only for short pulses in which the length of the pulse is insignificant compared to the error in phase determination. For long pulses (in this case, greater than 1 or 2 hr), this method introduces an artifactual &dquo;phase advance&dquo; equal to the length of the pulse. This poses a problem of interpretation only for the low-temperature pulses (see Figs. 5 and 6, below) and is discussed in more detail below.
Light pulses were given after at least 12 hr in darkness. For phase-resetting curves, 1min pulses of light were given to different sets of cultures every 2 hr from 36 to 56 hr after inoculation (12 to 32 hr after the light-to-dark transition), and every hour from 51 to 56 hr after inoculation. For dose-response curves, light pulses of various durations and intensities were given to different sets of cultures at 53 hr after inoculation (CT 20-22, depending on the period; see Table 1 , below). The light source was a cool white fluorescent tube, at 21 p,mol/m2/sec for resetting curves, and either 1.4 or 21 jimol/m 2/sec for dose-response curves.
White-light intensity was measured with a PAR quantum meter for the range 400 to 700 nm. A blue filter (peak at 440 nm, half-maximal bandwidth 110 nm) was used to estimate the photon flux density in the range 400 to 500 nm, and at 21 Rmol/m 2/sec white light the blue photon flux density was approximately 5 f.Lmol/m2/sec. Low-temperature pulses for phase-resetting curves were given by immersing the race tubes in an ice water bath for 2 hr, followed by 5 min in an ambient-temperature water bath to return the tubes rapidly to 22°C. Low-temperature pulses for dose-response curves were given either by the ice water bath method for short pulses, or by placing the tubes in lighttight bags in a 4°C cold room for longer pulses, followed by 5 min in the ambient-temperature bath. Low-temperature pulses for phase-resetting curves were started every 2 hr from 36 to 56 hr after inoculation. Pulses for dose-response curves were started at 47 hr after inoculation (approx. CT 14).
RESULTS
Initial experiments with the bd csp inl strain were designed to find a level of inositol supplementation that would limit growth but would allow expression of the rhythm of conidiation on agar medium. At 25 J.LM inositol, the growth rate was about 15-20% slower than at 250 )JLM (Table 1) , and no further increase in growth rate was seen with levels of supplementation higher than 250 Rm (data not shown). Conidial banding was thin but distinct at 25 f.LM inositol, and below this level conidiation was absent. The &dquo;low&dquo;-and &dquo;high&dquo;inositol conditions were therefore chosen as 25 and 250 )JLM inositol. Inositol depletion shortened the period slightly (compare bd csp inl at 25 and 250 >M in Table 1 ).
The bd csp inl strain was assayed for its response to light by determining phase-resetting curves for one complete circadian cycle. Phase resetting was assayed on both high and low inositol and was compared to the bd csp parental strain on minimal medium without inositol. A less-than-saturating light dose was used so that changes in light sensitivity could be detected. The resetting curve for bd csp inl on high inositol was very similar to that for bd csp on minimal medium (compare Figs. lA and 1B): Both curves had an average slope of 1, indicating a &dquo;type 1&dquo; response, which is characteristic of a weak signal (Winfree, 1970 (Winfree, , 1980 . In contrast, when bd csp inl on low inositol was given the same dose of light, it showed a &dquo;type 0&dquo; response, characteristic of a strong signal (Fig. 1C ). Partial phase-resetting curves covering the crucial interval CT 18-24 were also determined for bd csp on 25 and 250 >M inositol (data not shown); the results were similar to those for bd csp on minimal medium and unlike those for bd csp inl on low inositol, indicating that the change in the response to light did not result from the presence of 25 f.LM inositol in the medium. This apparent change in light sensitivity was confirmed by assaying dose-response curves for both strains (Figs. 2 and 3 ). Unlike phase-resetting curves, in which the stimulus magnitude is held constant while the old phase is varied, in dose-response curves the phase is held constant while the stimulus magnitude is varied. Light pulses were started at 53 hr after inoculation (approximately CT 20-22), when the largest effect on phase is seen in the resetting curves. Because pulse durations of 2.5 sec to 180 min were used, the phases of (C) 250 wNt inositol. Dose is plotted on a log scale as seconds of the standard white-light intensity (21 IJ..mollm2/sec). For low doses (less than 5 sec of the standard intensity), light pulses of lower intensity (1.4 Rmol/m2/sec) and longer times were used; the dose has been plotted as equivalent seconds of the standard intensity, and it has been assumed that reciprocity holds in this range. Open symbols as in Figure 1 the ends of the pulses varied. This did not present a problem in interpreting the results, because a saturating dose of light will reset the oscillator to approximately the same phase, regardless of the old phase at which the saturating dose is applied. Saturation was therefore defined as the lowest dose at which a stable new phase was attained.
Variability between replicate tubes and between experiments was very high at some doses of light that were less than saturating (see, e.g., Fig. 2C and Fig. 3B ). The fact that replicates were tightly clustered in the controls, and at high saturating doses, indicates that this variability at intermediate doses is not attributable to experimental error, but is a genuine property of the system. A likely explanation for this variability is that intermediate doses of light reset the oscillator to a state near the singularity where the isochrons converge, and new phase is highly sensitive to small variations in the old phase and stimulus magnitude.
As shown by Figure 2 , light sensitivity for bd csp was similar on minimal medium, low inositol, and high inositol: It apparently required about 5000-10,000 sec (about 80 to 160 min) of light at this intensity to saturate the response in all three conditions for this strain. However, the bd csp inl strain required only about 5 sec of light to saturate the response on low inositol and was therefore several orders of magnitude more sensitive than bd csp on the same medium (compare Figs. 2B and 3A) . The saturating dose for the bd csp inl strain on high inositol was more similar to that for bd csp on the same medium (compare Figs. 3B and 2C) than to that for bd csp inl on low inositol (compare Figs. 3B and 3A), indicating that the increased light sensitivity in this strain is dependent on inositol depletion.
Although the results described above demonstrated that this increase in light sensitivity is specific to the bd csp inl strain and is dependent on inositol depletion, the possibility remained that the effect may be due not to the inl mutation but to some other unknown difference between the bd csp inl strain and its bd csp parent, as these strains are not necessarily isogenic. The question of whether or not the change in light sensitivity is attributable to the inl mutation was answered by selecting an inositol-independent revertant and comparing its response to that of the inositol-requiring parent: If light sensitivity reverts when inositol requirement reverts, then the probability is very high that both phenotypes are the result of the same mutation. The bd inl parental strain was used as the source of conidia for mutagenesis and selection of revertants, because the csp mutation in the strains previously analyzed prevents the preparation of uniform conidial suspensions necessary for plating out. The bd inl parental strain and the inositol-independent revertant bd inl+ (RI-7) were assayed for light sensitivity by determining phase-resetting curves on low inositol. As shown by Figure  4 , the inositol-requiring parent was similar to its bd csp inl progeny in that the resetting curve was type 0 (compare Figs. 4A and 1C ). The revertant, however, demonstrated a weaker response to the standard light signal (Fig. 4B ) and was similar to bd csp inl on high inositol (Fig. 1B) . This result indicates that light sensitivity is altered when the inositol requirement reverts, and is consistent with the assumption that the change in light sensitivity is a consequence of the inl mutation. Inositol depletion shortened the period of the bd inl strain, and this period effect also reverted in the bd inl+ (RI-7) strain (Table 1) .
To determine whether or not the effect of inositol depletion is specific to the light input pathway or affects all phase-resetting stimuli, phase resetting by a stimulus other than light was assayed in the bd csp and bd csp inl strains on low inositol. Figure 5 demonstrates that the phase-resetting curves for low temperature pulses were very similar for the two strains on low inositol. Note that both new and old phases were calculated at the beginning of the pulse to eliminate the 2-hr pulse duration. Dose-response curves for the two strains (Fig.  6 ) were also very similar. For these curves, new phase was calculated at the end of the pulse. A problem of interpretation can arise with these dose-response curves because of the length of the pulses: The effects of a long pulse may be thought of as the combined effects of a shift-down followed by a shift-up, and although all pulses began at the same phase, the ends of the pulses fell in different phases. Fortunately, this does not complicate the comparison between strains: If new phase is calculated at the end of the pulse, long periods at low temperature appear to &dquo;hold&dquo; the oscillator at one phase, as reported by others (Francis and Sargent, 1979; Gooch, 1985) , and the threshold for this saturation of the response appears to be very similar in the two strains.
DISCUSSION
The major conclusion from the results reported above is that inositol depletion of the bd csp inl strain increases the sensitivity of the light input pathway. This increased sensitivity was demonstrated in two ways. First, the resetting curve for light pulses changed from type 1 on high inositol to type 0 on low inositol; because the light dose was identical in both cases, this result indicates that the light signal is perceived as a stronger stimulus by bd csp inl when it is depleted of inositol. Second, dose-response curves at one phase showed a higher threshold for saturation of the response on high as compared to low inositol. This change in light sensitivity correlated with inositol requirement, as shown by two lines of evidence: On high inositol the bd csp inl strain was similar to the bd csp strain, whereas on low inositol they differed; and in an inositol-independent revertant the increased light sensitivity reverted at the same time as inositol dependence.
A change in the response of the circadian oscillator to light could result from either a change in the oscillator itself or a change in the input pathway. In the first case, a change in the amplitude of the oscillator can account for a change from type 1 to type 0 resetting and might be expected to change the response of the rhythm to all phase-resetting stimuli, regardless of the mechanism of resetting or the input pathway activated by the stimulus (Lakin-Thomas et al., 1991) . This possibility was tested by assaying phase resetting by a stimulus other than light. A low-temperature pulse was chosen as the nonphotic stimulus, because the mechanism of resetting by low temperature is likely to be very different from resetting by light, and therefore the input to the oscillator is unlikely to share components with the light signal transduction pathway: Light and low temperature produce resetting curves that are out of phase with each other (compare Figs. 1C and 5B), and may therefore affect different state variables of the oscillator (Drescher et al., 1982) . As with the light resetting experiments, a less-than-saturating (&dquo;weak&dquo;) stimulus was used to detect any differences in responsiveness. The results indicate very similar phase-resetting responses for bd csp inl and bd csp on low inositol, and do not provide evidence for a change in oscillator amplitude. The effect of inositol depletion therefore appears to be specific to the light input pathway. Whether or not inositol depletion affects other blue-light responses, such as induction of carotenoid synthesis, is unknown.
Although these results may be interpreted as evidence for the involvement of inositol metabolites in the light input pathway, these results do not support the simple hypothesis that light activates a &dquo;classical&dquo; animal-type inositol phospholipid signaling system. The inl mutant was reported by Williams (1971) to accumulate an inositol monophosphate and therefore might be missing the inositol monophosphate phosphatase that recycles inositol phosphates to free inositol; this is the same enzyme that is inhibited by lithium in animal cells (Berridge and Irvine, 1989) and in Neurospora (Hanson, 1991) . The inl mutation in Neurospora might therefore be expected to have the same effects as lithium in animal cells: suppression of stimulus-induced Ins( 1,4,5)P3 production because of inositol depletion, and consequent suppression of Ins(1,4,5)P3-mediated cellular responses . Inositol depletion in Neurospora clearly does not suppress the light-induced response, but rather enhances it.
It might be argued that the increased response in Neurospora is a result not of inositol depletion but of the accumulation of inositol phosphates, even though the phosphates that accumulate in animal cells in response to lithium-induced inositol depletion are not the functionally important second messengers . This might account for the increased light sensitivity on low inositol, but would not account for the normal light response on high inositol: The monophosphatase block would still be present in the mutant on high inositol, and inositol phosphates should still accumulate. An additional complication arises because of uncertainty in the literature over the primary defect in the inl mutant. Although Williams's identification of the defect in this mutant has been generally accepted, another laboratory has reported that the mutant is missing not inositol monophosphatase but rather D-myo-inositol 3-phosphate-synthetase (Kiss et al., 1988) , the enzyme that synthesizes D-myo-inositol 3-phosphate from glucose-6-phosphate. In addition, Hanson (1991) reported finding inositol monophosphatase activity in the inl mutant, which is supposedly missing this enzyme. If the mutant is missing the synthetase and not the monophosphatase, then the increase in light sensitivity cannot be explained by an accumulation of inositol phosphates. The most likely result of inositol depletion would be a decrease in the pool of signaling molecules and a consequent decrease in light sensitivity, which was not observed.
If an inositol phospholipid signaling system is not directly involved in the light input pathway, there are a number of potential secondary effects of inositol depletion that might provide explanations for the increase in light sensitivity on low inositol. Inositol is incorporated into phospholipids and sphingolipids in Neurospora, but it is not incorporated into cell wall components (Hanson and Brody, 1979) , and there are no reports of any other inositol-derived compounds in Neurospora. Effects of inositol depletion are therefore likely to be the direct or indirect results of changes in the levels of inositol-containing lipids.
One such effect of inositol lipids has been suggested by Memon and Boss (1990) . These authors found that light decreased the in vitro activity of phosphatidylinositol monophosphate kinase in sunflower membranes, and this might be expected to decrease the levels of PIP and PIP2 in vivo. They also found that light decreased H+-adenosine triphosphatase (ATPase) activity, and they propose that the levels of inositol phospholipids may modulate the activity of the H+-ATPase, which may be the next link in the signal transduction chain. If this model applies to Neurospora, then a depletion of inositol phospholipids might mimic the inhibitory effect of light on the lipid kinase and account for the enhanced response to light.
A potentially important secondary effect of inositol depletion is that it has been shown to alter the phospholipid composition in Neurospora: As phosphatidylinositol decreases, phosphatidylserine increases (Hubbard and Brody, 1975; Gabrielides et al., 1983) . Other changes in response to inositol depletion include increased lipid peroxidation and a decline in mitochondrial respiratory enzymes (Rana and Munkres, 1978) , increased microviscosity of mitochondria (Munkres, 1979) , and changes in inositol-containing sphingolipids (Hanson and Brody, 1979) . If it is assumed that the photoreceptor and at least some of the components of the signaling pathway are membrane-bound, these changes in membrane properties could affect the sensitivity of the input pathway. For example, the responsiveness of the photoreceptor may be increased by a conformational change resulting from alterations in its lipid environment, or by changes in amounts of electron acceptors or accessory pigments.
The signaling pathway may include other membrane-bound components such as G-proteins or protein kinases, which could be affected by changes in the lipid environment. One specific example is protein kinase C: In animal cells it can be activated by diacylglycerol released by hydrolysis of lipids other than phosphatidylinositol, such as phosphatidylcholine (Billah and Anthes, 1990) , and phosphatidylserine is a cofactor for this enzyme (Bell and Bums, 1991) . If light induces the hydrolysis of phosphatidylcholine and subsequently the activation of protein kinase C in Neurospora, then an increase in the level of phosphatidylserine because of inositol depletion might increase the level of activation of the kinase. In animal cells, one consequence of lithium-induced inositol depletion is an accumulation of precursors for the synthesis of phosphatidylinositol, including cytidine monophosphate phosphatidate and diacylglycerol . If inositol depletion in Neurospora has similar effects, this might provide another source of diacylglycerol for enhancing protein kinase C activity.
The results reported in this paper point toward an involvement of inositol metabolites in the light input pathway, but seem to indicate that the standard animal-derived model of the inositol phospholipid signaling system may not apply. Such a model cannot, of course, be ruled out: The regulatory relationships between various inositol metabolites may be unexpectedly complex, and the effects of inositol depletion in animals may not occur in Neurospora. An answer to the question of whether phase resetting by light in Neurospora results from the activation of an inositol phospholipid signaling system will require a biochemical investigation of the effects of inositol depletion and of light on inositol metabolites and other components of the signal transduction pathway.
